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Abstract
For a one-component fluid on a solid substrate, a thermal singularity may occur at the contact line where the
liquid–vapor interface intersects the solid surface. Physically, the liquid–vapor interface is almost isothermal at the
liquid–vapor coexistence temperature in one-component fluids while the solid surface is almost isothermal for solids
of high thermal conductivity. Therefore, a temperature discontinuity is formed if the two isothermal interfaces are of
different temperatures and intersect at the contact line. This leads to the so-called thermal singularity. The localized
hydrodynamics involving evaporation/condensation near the contact line leads to a contact angle depending on the
underlying substrate temperature. This dependence has been shown to lead to the motion of liquid droplets on solid
substrates with thermal gradients (Xu and Qian 2012 Phys. Rev. E 85 061603). In the present work, we carry out
molecular dynamics (MD) simulations as numerical experiments to further confirm the predictions made from our
previous continuum hydrodynamic modeling and simulations, which are actually semi-quantitatively accurate down
to the small length scales in the problem. Using MD simulations, we investigate the motion of evaporative droplets in
one-component Lennard-Jones fluids confined in nanochannels with thermal gradients. The droplet is found to
migrate in the direction of decreasing temperature of solid walls, with a migration velocity linearly proportional to
the temperature gradient. This agrees with the prediction of our continuum model. We then measure the effect of
droplet size on the droplet motion. It is found that the droplet mobility is inversely proportional to a dimensionless
coefficient associated with the total rate of dissipation due to droplet movement. Our results show that this coefficient
is of order unity and increases with the droplet size for the small droplets (∼10 nm) simulated in the present work.
These findings are in semi-quantitative agreement with the predictions of our continuum model. Finally, we measure
the effect of liquid–vapor coexistence temperature on the droplet motion. Through a theoretical analysis on the size
of the thermal singularity, it can be shown that the droplet mobility decreases with decreasing coexistence
temperature. This is observed in our MD simulations.
(Some figures may appear in colour only in the online journal)
1. Introduction
Self-propelled motion represents a wide class of intriguing
phenomena that has attracted great attention for many
years because of its fundamental importance in science and
its potential applications in industry [1–16]. Physically, a
self-propelled motion requires a spatial asymmetry to initiate
and direct the motion, along with an energy supply to sustain
the motion. Technically, it can be triggered by thermal [2–10],
chemical [11, 12], electric [13], magnetic [14], and
photoirradiative [15] methods. In particular, self-propelled
motion induced by thermal gradients has been widely
studied and used [2–10]. In this field, molecular dynamics
(MD) simulations have been playing an important role in
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providing and revealing the molecular details involved in
the motion. This may be attributed to the fact that this
kind of problem involves fluid or solid motion at small
length scales and researchers are challenged by the lack of
continuum models for understanding physical mechanisms
and making quantitative predictions. Here we simply mention
a few of the many achievements of MD simulations. A
short carbon nanotube moves relative to another long coaxial
nanotube in the presence of thermal gradients [6]. A water
droplet confined in a carbon nanotube with thermal gradients
spontaneously moves towards the cold end [7, 8]. A composite
nanochannel is proposed as a fluid nanopump driven by
symmetric temperature gradients [9].
Recently, evaporative droplets have been of interest
to many people [1, 10, 16–21]. In this field, MD
simulations also play an important role in understanding
the evaporation/condensation of droplets [17, 18] and the
spreading dynamics of evaporative droplets on heated or
cooled substrates [19–21]. However, there have been only a
few studies on the motion of evaporative droplets driven by
thermal gradients. In the present work, we are going to use
MD simulations to investigate the motion of Lennard-Jones
liquid droplets on solid substrates with thermal gradients.
In a previous work [22], we carried out continuum
simulations on the droplet motion in one-component fluids
on solid substrates with thermal gradients. We used the
dynamic van der Waals theory (DVDWT) [23, 24], which
is a diffuse-interface model capable of describing the
one-component liquid–vapor hydrodynamics down to the
contact line scale. (The contact line is the intersection
of the liquid–vapor interface with the solid surface.)
Supplemented with appropriate boundary conditions at the
fluid–solid interface [22, 25–27], the DVDWT is able
to fully take into account the various physical processes
involved in the contact line dynamics, including phase
transition (evaporation/condensation), capillary flow [23, 24],
and boundary slip of fluid [25, 28, 29], etc. It is worth
pointing out that although major physical mechanisms and
processes are described by this continuum hydrodynamic
model, its numerical predictions can only be semi-quantitative
because microscopic length scales are involved in the
droplet motion and thermodynamic fluctuations are neglected.
We numerically observed that in the presence of thermal
gradients, liquid droplets spontaneously migrate towards
the cold region. The migration velocity of the droplet
is proportional to the underlying substrate temperature
difference across the droplet. Physically, the droplet motion is
driven by the asymmetry in the thermal singularity that occurs
at the contact line.
To understand what the thermal singularity is, it is
noted that in one-component fluids, the liquid–vapor interface
is almost isothermal at the coexistence temperature while
the fluid–solid interface is nearly isothermal for solids of
high thermal conductivity [30]. As a result, a temperature
discontinuity becomes inevitable if the two isothermal
interfaces are of different temperatures and intersect at
the contact line. This leads to the so-called thermal
singularity characterized by a diverging heat flux [30–33]. To
demonstrate the mechanism underlying the droplet motion,
we first showed that it is the thermal singularity that makes the
contact angle increase with increasing substrate temperature
through evaporation and/or condensation localized in the
vicinity of the contact line. This effect on the contact angle
then results in a driving force for the droplet motion towards
the cold region on substrates with thermal gradients. In
particular, because the motion is induced by the asymmetry
in contact angle, the droplet motion is similar to that induced
by wettability gradients at the droplet length scale [27].
Assuming the flow within the droplet to be Poiseuille-type,
we further explained why the migration velocity of the
droplet is proportional to the underlying substrate temperature
difference across the droplet.
We would like to point out that in our previous continuum
simulations, the system size is about only a few tens of
nanometers [22]. It is well known that at microscopic
length scale, mean-field models become less accurate due
to the influences of molecular structures and thermodynamic
fluctuations. Therefore, it is imperative and helpful to
examine the continuum simulation results by carrying out
MD simulations. Since MD simulations are governed by first
principles, they are able to reveal the detailed dynamics down
to microscopic length scales. On the one hand, (mean-field)
continuum modeling and simulations provide a theoretical
understanding of the physical mechanism underlying the
observed phenomena. On the other hand, MD simulations
provide numerical experiments to confirm the physical
existence of the continuum predictions, which are actually
semi-quantitative down to the small length scales in the
problem. Based on this understanding, the continuum model
and the molecular dynamics simulation constitute a pair of
complementary approaches to explore the droplet dynamics at
small scales. Therefore, it is of great importance and interest
to compare the results from MD simulations with those
from continuum simulations for the droplet motion driven
by thermal singularity [20, 21, 28, 34, 35]. In the present
work, we carry out MD simulations for liquid droplets that are
surrounded by their own vapor and confined in nanochannels
with longitudinal temperature gradients.
The paper is organized as follows. Section 2 is a review
of the main results of our previous continuum simulations,
performed for the droplet motion in one-component fluids
on solid substrates with thermal gradients [22]. Section 3
describes the details of our MD simulations. In section 4, the
results of our MD simulations are presented and discussed
in connection with our continuum results. We first study
the dependence of the velocity of droplet migration on
the temperature gradient. We then turn to the effects of
droplet size and liquid–vapor coexistence temperature on the
migration velocity. The paper is concluded in section 5 with a
few remarks.
2. Motion of evaporative droplets driven by thermal
gradients
In this section, we review the main results of our previous
continuum simulations, performed for the droplet motion
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in one-component fluids on solid substrates with thermal
gradients [22].
Simulations were first performed for droplets in
one-component fluids on heated or cooled substrates of
temperature Tw, which is different from the liquid–vapor
coexistence temperature Tcx. Due to the phase transition with
latent-heat release and/or absorption, the free liquid–vapor
interface is almost isothermal, with a temperature close to
the coexistence temperature Tcx. As a consequence, there
must exist an extremely fast variation of fluid temperature
from Tw to Tcx near the contact line. On the one hand,
this means that the heat flux near the contact line is very
large, leading to the so-called thermal singularity [30–33].
On the other hand, the nearly constant temperature along the
liquid–vapor interface means that there is no variation in the
interfacial tension γ , and hence the thermal Marangoni effect
is suppressed. In addition, it has been widely accepted that
liquid droplets in one-component fluids on solid substrates are
characterized by two features [30, 31, 36]: (i) the evaporation
or condensation is concentrated in a small region near the
contact line. (ii) The apparent contact angle θapp of droplets
increases with increasing substrate temperature Tw.
To examine the connection between the two features,
we introduced the capillary number Ca ≡ ηlvl/γ , which is
associated with the evaporation or condensation in the close
vicinity of the contact line. Here ηl is the shear viscosity of
the liquid and vl is the characteristic liquid velocity induced by
the local evaporation or condensation near the contact line. We
then showed that there is a simple linear relation between the
contact angle deviation from equilibrium δθ ≡ θapp − θcx and
the capillary number Ca, with the proportionality coefficient
being positive and of the order of unity, i.e., δθ ∼ Ca. Here
θcx is the equilibrium contact angle of droplets on substrates
of temperature Tw = Tcx.
It can be shown that the characteristic liquid velocity vl is










This relation can be obtained from the Stefan condition, which
states that the heat flux Qcon = λl(Tw − Tcx)/ξ across the
characteristic length ξ near the contact line is equal to the
latent-heat flux JTcx(sv − sl) [22, 30]. Here λl is the heat
conductivity of the liquid, sv − sl is the entropy difference
per particle between liquid and vapor, and J = nlvl is the
evaporation or condensation (particle number) flux, with nl
being the number density of the liquid. In particular, the
length ξ denotes the characteristic ‘size’ of the thermal
singularity. The larger ξ is, the weaker the thermal singularity
is. Physically, ξ is the characteristic length over which the
temperature varies along the liquid–vapor interface. In our
previous simulations for Tcx ≈ 0.9Tc, with Tc being the
critical temperature, ξ was measured to be of the order of
magnitude of `, the liquid–vapor interfacial thickness far away
from the critical point [22, 30]. The physical significance of ξ
and its dependence on the coexistence temperature Tcx will be
further discussed in section 4.3.
According to equation (1), Ca ≡ ηlvl/γ is a function of
Tw, and hence the relation δθ ∼ Ca actually gives θapp as a
function of Tw, a quantitative account of the second feature
that the apparent contact angle increases with increasing
substrate temperature Tw. This leads to the conclusions:
(i) it is the localized evaporation or condensation at the
thermal singularity that makes the contact angle increase with
increasing substrate temperature. (ii) the capillary number Ca
acts as the bridge between the contact angle and the localized
phase transition.
Based on the effect of thermal singularity on the contact
angle, we predicted and numerically observed that droplets
on substrates with thermal gradients would spontaneously
migrate towards the cold region. Physically, the temperature
difference between the left and right contact lines of the
droplet induces a difference between the left and right contact
angles. Consequently, a left-to-right difference in γ cos θapp is
developed, denoted by 1(γ cos θ), which acts as the driving
force (per unit length along the contact line) for the droplet
motion towards the cold region. In a steady state of droplet
migration, the driving force 1(γ cos θ) is balanced by the
dissipative force. This can be expressed as
1(γ cos θ) ∼ αηlVmig, (2)
in which Vmig is the migration velocity, which is almost
constant. Here the dissipative force is linearly proportional to
Vmig for slow droplet motion (in the linear response regime)
and α is a dimensionless coefficient to be determined by the
total rate of dissipation associated with the droplet migration.
From δθ ∼ Ca, we have 1(γ cos θ) ∼ γ1θ ∼ ηl1vl,
in which 1θ and 1vl denote the left-to-right differences
in θ and vl, respectively. (For simplicity and convenience,
all these left-to-right differences are taken to be positive.
That the droplet moves towards the cold region comes from
the fact that the contact angle increases with increasing
substrate temperature.) Combining 1(γ cos θ) ∼ ηl1vl with
equation (1), we obtain






in which 1T is the variation of the substrate temperature Tw









It is worth noting that, for one-component fluids near the
critical point (say, for Tcx from 0.7Tc to 0.8Tc), we have
Tcx/Tc ≈ 1, sv − sl ≈ kB [30, 37], and λl ≈ νnlkB, with ν
being the kinematic viscosity (Prandtl number ∼ 1) [22, 24].
It follows that equation (4) gives
Vmig/1T ∼ α
−1(ν/ξTc). (5)
Physically, Vmig/1T can be regarded as the mobility
coefficient associated with the droplet motion driven by
asymmetric thermal singularities.
In our previous continuum simulations for droplets on
solid substrates with thermal gradients, the dimensionless
damping coefficient α was numerically found to be of order
unity [22]. To explain this numerical finding, the liquid flow
within the droplet was assumed to be a Poiseuille flow driven
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Figure 1. Snapshots of a moving droplet confined in a nanochannel with a thermal gradient. Left panel: three-dimensional MD results
projected onto the xz plane, taken at t/τ = 0, 20 000, 40 000, and 60 000 (from top to bottom), with τ ≡ σ(m/ε)1/2 being the time unit. The
fluid space measures Lx = 240σ by Ly = 20σ by Hz = 30σ . The total number of fluid and solid particles is 84 362. Here the fluid–solid
interaction parameter is εwf = 4.0ε, the droplet length is Hx = 80σ , the coexistence temperature is Tcx = 0.83ε/kB, and the temperature
gradient is dTw/dx ≡ (Th − Tl)/Lx = 2.5× 10−4ε/kBσ , with Th = 0.89ε/kB and Tl = Tcx. Right panel: snapshots taken from
two-dimensional continuum simulations [22] at t/τ0 = 0, 2000, 4000, and 6000 (from top to bottom), with τ0 ≡ `2/ν being the time unit.
The fluid space measures Lx = 200` by Hz = 30`. Here the droplet length is Hx = 60`, the coexistence temperature is Tcx = 0.875Tc, and
the temperature gradient is dTw/dx ≡ (Th − Tl)/Lx = 2.5× 10−4 Tc/`, with Th = 0.925Tc and Tl = Tcx. For comparison between the MD
and continuum results, we note that the critical temperature of Lennard-Jones fluids is Tc ≈ 1.1ε/kB [39], the interfacial thickness far away
from the critical point is ` ≈ 3σ [19], and hence τ0 ≈ 9τ with the kinematic viscosity given by ν ≈ σ(ε/m)1/2. Therefore, the droplet size
and the migration velocity of the droplet measured in our MD simulations and those in continuum simulations are of the same order of
magnitude. This means that the droplet motion predicted by the continuum simulations has been observed in the MD simulations.
by capillary pressure gradient. Then the total dissipation
function became 8P ∼ ηl(Vmig/h0)2R0h0, in which R0 and
h0 are the characteristic radius and height of the droplet,
respectively. Since R0 ∼ h0 for ordinary contact angles, the
total dissipation function is approximately given by 8P ∼
ηlV2mig, and hence the dissipative force αηlVmig defined in
equation (2) becomes δ8P/δVmig ∼ ηlVmig, which indicates
α ∼ 1.
3. Details of molecular dynamics simulations
Our molecular dynamics simulations were performed in a
three-dimensional geometry, in which a liquid droplet is
confined in a nanochannel between two planar solid walls
parallel to the xy plane (see figure 1 for a projection onto
the xz plane). The fluid particles interact via a Lennard-Jones
(LJ) pair potential Uff = 4ε[(σ/r)12 − (σ/r)6], with ε and
σ being the energy scale and the range scale of interaction,
respectively. The wall–fluid interaction is modeled by a
modified LJ potential Uwf = 4εwf[(σwf/r)12 − δwf(σwf/r)6].
The range parameter σwf is equal to σ . The coefficient δwf
adjusts the strength of the wall–fluid attractive interaction and
is equal to 0.29 in all our MD simulations in the present
work. We use the energy parameter values εwf = 4.0ε and
3.5ε in two groups of simulations. Both Uff and Uwf are cut
off at rc = 2.5σ and shifted by a linear term to make the
force vanish at the cutoff. The mass of a solid particle is the
same with that of a fluid particle and denoted by m. Each
solid wall consists of four [001] planes of a face-centered
cubic lattice with number density 1.86/σ 3 and thickness
1.96σ . Each solid particle is attached to a lattice site by a
harmonic spring. The whole system measures Lx by Ly by Lz
in the x, y, and z directions, respectively. The width of the
channel, denoted by Hz, is defined as the vertical distance
between the innermost planes of the two solid walls and
hence Hz = Lz − 3.92σ . The periodic boundary conditions
are used in the x and y directions. In this work we implement
our MD simulations using the code package GASSER (GPU
Accelerated Simulator for Soft mattER), which has been used
to study the gas–liquid phase transition [38].
In this work, we consider the migration of a liquid
droplet surrounded by its own vapor in a nanochannel with
thermal gradients. For this purpose, we first carried out MD
simulation in a canonical ensemble (constant NVT) to produce
an initial equilibrium state that contains a liquid droplet of
density ρl surrounded by its vapor of density ρv at a uniform
coexistence temperature Tcx. We refer to the phase diagram
of the truncated and shifted LJ system made by Smit (see the
solid line in figure 2 in [39]) for the values of the liquid and
vapor densities at coexistence. Initially a cluster of LJ particles
with length Hx and a higher density ρ0l is put in the channel
while the rest of the space is filled with LJ particles with a




v are set to
be 0.71/σ 3 and 0.04/σ 3, respectively. These values are taken
from the liquid and vapor densities at coexistence [39]. The
temperature of the whole system is controlled at Tcx using a
Langevin thermostat. The equations of motion are integrated
using a Verlet algorithm with a time step 1t = 0.001τ , where
τ = σ(m/ε)1/2 is the time unit. After a sufficiently long
relaxation, two phases coexist in equilibrium, with a liquid
droplet surrounded by its saturated vapor as shown in figure 1.
The average coexisting densities ρv and ρl are found to be
very close to the initial densities ρ0v and ρ
0
l . The change of
the liquid droplet length Hx is negligibly small. As a desired
initial state, there are neither vapor bubbles in the liquid nor
small liquid droplets in the vapor or at the solid surface.
A liquid–vapor interface intersects the solid surface with a
contact angle. We define the interface by the position where
4
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the fluid density is (ρ0l + ρ
0
v)/2. For interaction parameter
values εwf = 4.0ε and δwf = 0.29, the static contact angle is
about 80◦. For εwf = 3.5ε and δwf = 0.29, the contact angle
is about 90◦. We take the equilibrium state (obtained after an
equilibration time longer than 5000τ ) as the initial state for the
subsequent MD simulations in which the thermal gradients are
turned on. It is interesting to note that the evaporation of a LJ
liquid droplet into vacuum has been studied in [18].
The temperature gradient, imposed on the two solid
walls by the Langevin thermostat, is denoted by dTw/dx ≡
(Th − Tl)/Lx, in which the temperature at the left end
Th is higher than that at the right end Tl, x is the x
coordinate on the solid surface, and Lx is the length of the
nanochannel in the x direction. The temperature gradient is
implemented by coupling each solid atom with a thermostat
with the temperature locally fixed at Th − x(dTw/dx). No
temperature control is applied to the fluid particles, which
are subjected to NVE conditions. This means that the heat
generated by the dissipation in the fluid is transferred into
the solid and then removed from the solid. In a few previous
works [7–9, 40], Langevin or Berendsen thermostats with
different temperatures were applied at the left and right ends
of the solid substrate to produce a temperature gradient.
Their methods are technically different from ours, but have
the same consequence that the time-averaged profile of the
wall temperature always remains linear during the whole MD
simulation. The thermal gradient is turned on at t = 0, which
is set as the origin of the time axis. To describe the droplet
migration, the x coordinate of the center-of-mass of the liquid
droplet, denoted by Xc, is recorded as a function of time t.
Figure 1 shows four snapshots taken from t = 0 to 60 000τ
with the time interval of 20 000τ .
There exists the possibility that the thermal gradient can
induce a unidirectional vapor flow (i.e., thermal creep) [41].
In order to see whether this effect is present or not, we
have done independent MD simulations for a uniform vapor
confined in the channels with the same thermal gradients. The
velocity measured by averaging over all the vapor particles
and over a long time is found to be almost random, showing
no unidirectional flow. That is, the average velocity of vapor is
of the order of magnitude of 10−5(ε/m)1/2, much smaller than
the droplet migration velocity ∼10−3(ε/m)1/2 induced by the
same thermal gradients. It follows that even if thermal creep
may still exist in vapor, its effect on the droplet migration must
be weaker than the mechanism based on thermal singularity
by orders of magnitude. Furthermore, the magnitude of the
droplet mobility measured in our simulations agrees with
that predicted by the continuum model [22]. We therefore
conclude that the driving mechanism lies in the liquid–vapor
interface, in agreement with the picture revealed by the
continuum model. Physically, thermal creep is important in
slightly rarefied gases due to the role played by the mean
free path, but there are also studies that show thermal creep
in dense fluids [42, 43].
The choice of the system size in a computer simulation re-
quires some explanations. We have three major considerations
on the choice of the MD system size, the desired temperature
and thermal gradient. (i) The temperature has a jump at the
left and right boundaries of the channel due to the periodic
boundary condition. To avoid the boundary effect due to this
jump, the liquid droplet is initially located in such a way
that the left liquid–vapor interface is 50σ away from the left
boundary of the channel. In addition, the length of the channel
Lx is made so large that the right liquid–vapor interface
never approaches the right boundary of the channel within a
distance of 30σ before the simulation stops. (ii) To prevent
small droplets from condensing on the substrates, we let the
lower end of the temperature Tl be equal to the coexistence
temperature Tcx in all our simulations. (iii) Increasing the size
of simulation box helps to reduce the fluctuations. However,
Th − Tl cannot be larger than Tc − Tl, and hence if the Lx is
very large, then the gradient (Th − Tl)/Lx becomes too small.
As a result, thermal noises are relatively large as the droplet
migration is slow. Then we have to perform time averaging
for a longer time to reduce the noises. In order to study the
problem efficiently, these issues need to be considered and
balanced.
For the one-component Lennard-Jones fluids considered
in the present work, the kinematic viscosity ν is of the order of
magnitude of σ(ε/m)1/2 and Tc is of the order of magnitude
of ε/kB. Substituting these into equation (5), we can obtain an





This relation constitutes the basis for our comparison between
the continuum and MD results. On the one hand, the
magnitude of α can be estimated from equation (6), in which
Vmig and 1T can be directly measured in MD simulations
and the characteristic ‘size’ of the thermal singularity ξ can
be estimated by considering the evaporation/condensation
kinetics near the liquid–vapor interface (see section 4.3 for
a semi-quantitative analysis). For the cases presented in
the present work, we find ξ ∼ 10σ . On the other hand,
the magnitude of α is determined by the total rate of
dissipation associated with the droplet motion. That is, the
total dissipation function 8 can be expressed as a quadratic
function of the migration velocity Vmig from a continuum
modeling of the droplet migration, and α can also be obtained
from the dissipative force δ8/δVmig = αηlVmig (more details
to be presented in section 4.2). The two estimates for α, one
from MD data and the other from a continuum model, are to
be compared. This will shed light on the dominant dissipation
in the moving droplet.
To compare the MD results with experiments and model
predictions, we regard the Lennard-Jones fluid as the argon.
The molecular mass of argon is m = 6.63 × 10−23 g [44]
and the molecular diameter is of the order of magnitude
of σ ≈ 3.4 Å. The critical temperature Tc is about 150 K.
The Lennard-Jones fluids have Tc ≈ 1.1ε/kB [39], which
gives ε/kB ≈ 136 K. It follows that the time unit is τ ≡
σ(m/ε)1/2 ≈ 2.0× 10−12 s.
4. Results and discussion
In this section, we present and discuss the MD simulation
results obtained for droplets moving in nanochannels with
5
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Figure 2. Temporal evolution of the center-of-mass of the droplet
Xc recorded in six MD simulations with different initial microscopic
states (P1–P6). The fluid space measures Lx = 240σ by Ly = 20σ
by Hz = 30σ . Here the droplet length is Hx = 80σ , the coexistence
temperature is Tcx = 0.83ε/kB, the temperature gradient is
dTw/dx ≡ (Th − Tl)/Lx = 2.5× 10−4ε/kBσ , with Th = 0.89ε/kB
and Tl = Tcx. The fluid–solid interaction parameter εwf is 4.0ε in (a)
and 3.5ε in (b). It is observed that the droplet motion in (a) is faster
than that in (b).
thermal gradients. We start from the dependence of the droplet
migration velocity Vmig on the temperature gradient dTw/dx.
We then investigate the effect of the droplet size (measured
by Hx and Hz) on the droplet motion. Finally, we measure
and analyze the effect of the coexistence temperature Tcx on
the droplet motion. It is demonstrated that our MD results
are in semi-quantitative agreement with the continuum model
predictions.
4.1. Droplets moving in nanochannels with thermal gradients
As described in section 3, we first prepare an equilibrium
state in which a droplet is confined in a nanochannel. The
temperatures of the liquid and vapor and that of the solid walls
(denoted by Tw) are equal to a given coexistence temperature
Tcx. We then introduce a temperature gradient dTw/dx at the
two solid walls. The subsequent migration of the droplet is
recorded and shown in figures 1 and 2. The droplet is always
found to spontaneously migrate toward the cold end (the
right-hand side in figure 1), as predicted by our continuum
model. The center-of-mass of the droplet Xc is almost linear
in time after a short relaxation in the beginning (see figure 2).
This means a steady state with an almost constant migration
velocity Vmig = dXc/dt.
Figure 2 shows the time variation of the center-of-mass
of the droplet Xc for six separate MD simulations which
start from different initial microscopic states under the same
macroscopic conditions. The data from these simulations
show statistical fluctuations and are used for ensemble
average. Although thermodynamic fluctuations do exist and
may last for a long time (compared to the MD time
scale τ ), the qualitative and quantitative behaviors of the
droplet motion are consistent. That is, all these simulations
show that the droplet spontaneously migrates toward the
cold end. In addition, the magnitudes of the migration
velocity are the same on average. It is therefore concluded
that the droplet motion in nanochannels with thermal
gradients is indeed a hydrodynamic phenomenon that is
stable against thermodynamic fluctuations. In a particular
system (represented by a particular symbol in figure 2),
the magnitude of the fluctuations around the hydrodynamic
behavior, which is expected to be a linear dependence of
Xc on t, can be measured from the data collected for that
system. In order to reduce the error in determining the
migration velocity Vmig, we have performed ensemble average
over several systems which are macroscopically identical but
microscopically different. The numerical error can surely be
reduced if more systems are included in the ensemble average.
Now we are ready to see the dependence of the migration
velocity Vmig on the temperature gradient dTw/dx. As shown
in figure 3, Vmig is almost linearly proportional to dTw/dx.
This is actually expected because we have been simulating
slow droplet motion in the linear response regime for small
temperature gradients, with dTw/dx ranging from 2.0 ×
10−4ε/kBσ to 4.0× 10−4ε/kBσ . For argon, we have ε/kB ≈
136 K and σ = 3.4 Å, from which the temperature gradients
are found to be about 0.1 K nm−1, close to those used in
most of the recent experiments on self-propelled motion at
nanoscales driven by thermal gradients [6].
According to figure 3, the droplet migration velocity is
Vmig ∼ 10−3(ε/m)1/2 (∼0.1 m s−1, which is of the order
of magnitude of that observed in a recent experiment [10])
and the difference of the wall temperature across the
droplet is 1T ≡ Hx(dTw/dx) ∼ 10−2ε/kB. It follows that
the droplet mobility is given by Vmig/1T ∼ 0.1[kB/(εm)1/2].
Substituting these MD results into equation (6) and using ξ ∼
10σ (see section 4.3 for an estimate of ξ ), we can obtain α ∼ 1
for the dimensionless coefficient in the dissipative force. It
will be shown in section 4.2 that this order of magnitude
of α agrees with an estimate from the continuum model
semi-quantitatively.
We would like to point out that the continuum model
and the MD simulation constitute a pair of complementary
approaches in studying the droplet dynamics down to the
contact line scales. In the previous continuum simulations,
we demonstrated that the droplet motion in one-component
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Figure 3. The migration velocity Vmig plotted as a function of the
temperature gradient dTw/dx. The fluid space measures Lx = 240σ
by Ly = 20σ by Hz = 30σ . Here the droplet length is Hx = 80σ , the
coexistence temperature is Tcx = 0.83ε/kB, with Tl = Tcx and
Th = Tl + (dTw/dx)Lx being the temperatures at the two ends of the
channel. The results for the fluid–solid interaction parameter
εwf = 4.0ε are represented by squares and those for εwf = 3.5ε are
represented by circles. The dashed and dotted lines are obtained
from a least-square fitting, showing Vmig ∝ dTw/dx for both
εwf = 4.0ε and 3.5ε.
fluids on substrates with thermal gradients are driven by the
contact angle difference across the droplet, which results from
the asymmetry in the thermal singularity. Such a theoretical
understanding is drawn from the numerical observation that
the contact angle deviation from equilibrium δθ is of the same
order of magnitude as the capillary number Ca ≡ ηlvl/γ .
However, Ca ∼ 0.01 and hence δθ is only of the order of
magnitude of a degree. These small values are obviously
beyond the numerical resolution of the MD simulations due to
strong thermal noises. Nevertheless, MD simulations can be
employed as numerical experiments to confirm the physical
reality of the continuum model predictions. We emphasize
that our continuum and MD simulations show the droplet
migration mobility Vmig/1T (defined in equations (5) and
(6)) to be of the same order of magnitude. That is, α
estimated from the continuum model and that from the MD
simulation are of the same order of magnitude (∼1). Below
we will further show that the dependence of α on the droplet
size and the coexistence temperature shows semi-quantitative
agreement with our continuum predictions.
4.2. Effect of droplet size
To investigate the effect of the droplet size (measured by the
droplet length Hx and the droplet width Hz) on the droplet
motion, we focus on the dimensionless coefficient α, which is
introduced in equation (2) for the total dissipative force. As
pointed out in section 3, α can be estimated from equation (6)
by measuring the mobility Vmig/1T . Since α is determined by
the total rate of dissipation associated with the droplet motion,
the MD data collected for the effect of the droplet size on α
Figure 4. The droplet mobility Vmig/1T plotted as a function of
the droplet length Hx with Hz = 30σ (a) and a function of the
droplet (or channel) width Hz with Hx = 100σ (b). The fluid space
measures Lx = 240σ by Ly = 20σ by Hz. Here the coexistence
temperature is Tcx = 0.85ε/kB and the temperature gradient is
dTw/dx ≡ (Th − Tl)/Lx = 2.5× 10−4ε/kBσ , with Th = 0.91ε/kB
and Tl = Tcx. The fluid–solid interaction parameter values are
εwf = 4.0ε (squares) and εwf = 3.5ε (circles). The decrease of the
mobility with increasing droplet size is observed in all cases.
can shed light on the dominant contribution to the dissipation
of the moving droplet.
To see the effect of the droplet length Hx, we perform a
series of MD simulations, in which the fluid space measures
Lx = 240σ by Ly = 20σ by Hz = 30σ , and Hx takes the values
of 40, 50, 60, 70, 80, and 90σ . To see the effect of the droplet
width Hz, we perform a series of MD simulations, in which
the fluid space measures Lx = 240σ by Ly = 20σ by Hz, with
Hz taking the values of 20, 30, 40, and 50σ , and the droplet
length Hx fixed at 100σ . The results are plotted in figure 4.
Figure 4 shows that the droplet mobility Vmig/1T
(≈0.05kB/(εm)1/2) decreases with increasing Hx and Hz.
According to equation (6), we see that α is of order unity and
increases with increasing droplet size (Hx and Hz). Here we
have used the fact that the characteristic ‘size’ of the thermal
singularity ξ is ∼10σ (see section 4.3 for an estimate of ξ
by considering the evaporation/condensation kinetics near the
liquid–vapor interface) [22, 30].
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To examine the physical meaning of our results, we
consider the free energy dissipation of the moving droplet in a
nanochannel. In general, the total dissipation function can be
expressed as8 = 8P+8W+8C, in which8P,8W, and8C
can be expressed and estimated as follows [1, 45, 46].
(i)8P comes from the viscous dissipation within the flow
in the droplet far away from the contact line [2, 22, 45].





(ii) 8W comes from the viscous dissipation within







]h dx ∼ ηlV2mig ln(H/a), (8)
in which h(x) ≈ x is the height of the droplet at a distance x
away from the contact line, H is the characteristic size of the
wedge, and a is a molecular scale cutoff length introduced to
make the integral converge.
(iii) 8C comes from the molecular dissipation due to
the kinetics of contact line slip, which has been modeled via
molecular adsorption and desorption processes [1, 46, 48]. For





in which W is the activation energy for hopping from one site
to the next, l is the distance between neighboring sites, and κ
is the pre-exponential factor for adsorption or desorption rate.
From the above, the total dissipation function can be put
in the form of
8 ∼ ηlV
2
mig[Hx/Hz + ln(H/a)+ exp(W/kBT)
× (kBT/ηlκl
3)], (10)
from which we obtain the dissipative force δ8/δVmig ≡
αηlVmig in equation (2) and the dimensionless coefficient
α ∼ Hx/Hz + ln(H/a)+ exp(W/kBT)(kBT/ηlκl3). (11)
Our MD simulation results have shown that α is of
order unity (see section 4.1) and increases with increasing
Hx and Hz. Combining these results with the estimate of α in
equation (11) from the total rate of dissipation, we conclude
that equation (11) is dominated by the second term ln(H/a):
α ∼ ln(H/a), (12)
in which the characteristic size of the wedge H is the
droplet length Hx or the droplet width Hz. That is, the total
dissipation function in equation (10) is dominated by 8W in
equation (8), the viscous dissipation in the ‘wedge’ around
the contact line. We emphasize that in our MD simulations,
we have used a small δwf (δwf = 0.29 compared to 1 in the
LJ potential), which results in a large slip length (≈10σ )
at the liquid–solid interface. As the slip of the liquid on
the solid surface is facilitated, the droplet migration would
meet less resistance and become better measurable. (Note
that Vmig ∼ 10−3(ε/m)1/2 in our simulations is still quite
small.) The slip length at the liquid–solid interface gives
the cutoff length a ≈ 10σ . Therefore, for Hx and Hz used
in the present work (see figure 4), equation (12) does
give α ∼ 1, which agrees with our MD simulation results
semi-quantitatively. The no-slip condition will be realized if
δwf approaches 0.8 (for the same εwf). In this case, the droplet
migration is still expected to occur, because in one-component
fluids the contact line can move through the liquid–vapor
transition at the liquid–vapor interface. Nevertheless, the
droplet mobility will be suppressed by the increased resistance
at the fluid–solid interface. Without velocity slip at the
solid surface, the molecular scale cutoff length a is mainly
determined by the ‘effective’ slip due to evaporation and/or
condensation near the contact line [25, 49, 50]. Physically,
this cutoff length should be comparable to but not larger than
the characteristic ‘size’ of the thermal singularity ξ , which is
∼10σ in our MD simulations.
In summary, for the small droplets simulated here, the
total dissipation is dominated by the viscous flow in the
wedge around the contact line. The molecular dissipation
associated with the kinetics of contact line slip might be
present, but is not dominant [1]. Apparently, the droplets in
our simulations are so small that the viscous dissipation due to
the pressure-driven Poiseuille flow far away from the contact
line does not have the space to develop and be dominant.
4.3. Effect of coexistence temperature
Based on equations (5) and (6), we can further investigate
the effect of the coexistence temperature Tcx on the droplet
motion. This leads to a more complete understanding of how
the thermal singularity is formed and how it affects the droplet
motion.
We have carried out similar MD simulations at
different coexistence temperatures with different liquid-to-
vapor density ratios and different liquid–vapor interfacial
thicknesses (see figure 5). The temperature effect on the
droplet mobility is demonstrated in figure 6. We can see
that the larger the coexistence temperature Tcx, the larger
the droplet mobility Vmig/1T is. It can be shown that
this temperature dependence agrees with the prediction of
the continuum model expressed in equations (5) and (6).
Therefore, this further confirms the physical mechanism based
upon the thermal singularity. In equation (6) for the estimation
of the droplet migration velocity Vmig, the dimensionless
coefficient α is determined by the total rate of dissipation
associated with the droplet motion. It is therefore a reasonable
assumption that α has a weak dependence on Tcx and can
be treated as a constant of order unity (see sections 4.1 and
4.2). Then we have Vmig/1T ∼ (σ/ξ)[kB/(εm)1/2], which
shows that the dependence of Vmig/1T on Tcx can be mainly
attributed to the dependence of ξ on Tcx. This dependence can
be theoretically analyzed as follows.
From the Stefan condition for the energy conservation
associated with the evaporation or condensation at the
liquid–vapor interface, the heat flux by conduction λl∇T is
directly related to the evaporation rate J via
λl∇T ∼ JTcx(sv − sl). (13)
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Figure 5. Snapshots of the liquid–vapor interface of a moving droplet confined in a nanochannel with a thermal gradient. The
liquid-to-vapor density ratio is about 37 in (a), 18 in (b), and 11 in (c), corresponding to the liquid–vapor coexistence temperatures
0.80ε/kB, 0.85ε/kB, and 0.90ε/kB, respectively.
Figure 6. The droplet mobility Vmig/1T plotted as a function of
the coexistence temperature Tcx. The fluid space measures
Lx = 240σ by Ly = 20σ by Hz = 30σ . Here the droplet length is
Hx = 100σ . The fluid–solid interaction parameter values are
εwf = 4.0ε (squares) and εwf = 3.5ε (circles). The decrease of the
droplet mobility with decreasing Tcx is observed.
In the linear response regime, the evaporation rate J is related







in which pcx denotes the local pressure near the liquid–vapor
interface at liquid–vapor coexistence, i.e., when J = 0.
Furthermore, the deviation of pint from pcx is related to the
deviation of the local temperature at the liquid–vapor interface
Tint from the coexistence temperature Tcx via






(Tint − Tcx), (15)










where wv and wl denote the molecular volume in vapor and
liquid, respectively.
Substituting equations (15) and (16) into (14), the
evaporation rate J is related to the deviation of the local








(Tint − Tcx). (17)









(Tint − Tcx). (18)
Since the ‘size’ of the thermal singularity ξ is physically the
characteristic length over which the temperature varies along









Using Tcx ∼ Tc ∼ ε/kB, sv − sl ∼ kB, λl ∼ νkBnl, and ν ∼
σ(ε/m)1/2, we can obtain
ξ ∼ σ (nl/nv − 1) . (20)
It is thus concluded that
(i) At the coexistence temperatures near the critical point,
the liquid-to-vapor density ratio nl/nv is of the order of
10 and hence ξ is of the order of 10σ . In the present
work, our MD simulations are carried out at Tcx ranging
from 0.82Tc to 0.73Tc. The corresponding liquid-to-vapor
density ratio ranges from 11 to 37 [37] and therefore lies in
this regime of parameters. Then from equation Vmig/1T ∼
(σ/ξ)[kB/(εm)1/2] we can understand the results shown in
figure 6 that the larger Tcx is, the smaller ξ is, and hence the
larger Vmig/1T is.
(ii) At the coexistence temperatures far away from the
critical point, nl/nv  10 and hence ξ  10σ . For example,
for argon at Tcx ≈ 0.6Tc, nl/nv ≈ 350 [37] and hence ξ ∼
100σ . In this regime, the picture of thermal singularity
actually breaks down and the temperature variation along the
interface needs to be explicitly taken into account. This leads
to the thermal Marangoni effect [2–5, 10].
Finally, we would like to mention the differences of the
results shown in figures 2–6 under two different fluid–solid
interaction parameters εwf: 4.0ε (squares) and 3.5ε (circles).
We can see that the results in the two cases are all qualitatively
the same. But the magnitudes of Vmig or Vmig/1T in the
case of εwf = 4.0ε are larger than those in the case of εwf =
3.5ε. This is not surprising, because the droplet motion is
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driven by the temperature gradient of the solid substrates.
The correlation between the fluid–solid coupling and the
Kapitza (interfacial thermal) resistance has been studied [54].
The fluid–solid coupling is stronger for the case of εwf =
4.0ε, such that the temperature jump is smaller, i.e., the
Kapitza resistance is smaller. Consequently, the driving force
1(γ cos θ), arising from temperature difference between the
left and right contact lines, is larger in the case of εwf = 4.0ε
and results in a faster droplet migration.
5. Concluding remarks
We have carried out molecular dynamics simulations to
investigate the motion of evaporative droplets in Lennard-
Jones fluids confined in nanochannels with thermal gradients.
All the simulations show that the droplet moves in the
direction of decreasing temperature of solid walls. According
to our continuum hydrodynamic model, such droplet motion
results from the effect of thermal singularity on the contact
angle of the liquid–vapor interface. The migration velocity of
the droplet Vmig has been observed to be linearly proportional
to the temperature gradient dTw/dx along the channel. We
have studied the effect of the droplet size on the droplet
motion. It is found that the droplet mobility Vmig/1T
(∼0.05kB/(εm)1/2) decreases with increasing droplet length
Hx and droplet width Hz. To explain this observation, it is
noted that the droplet mobility is inversely proportional to
the dimensionless coefficient α, as expressed by equation (6),
which is derived from a balance between the driving force due
to contact angle variation and the dissipative force linearly
proportional to Vmig for slow motion. The magnitude of the
droplet mobility Vmig/1T shows α to be of order unity. The
variation of Vmig/1T with the droplet size further shows
that α increases with increasing Hx and Hz. To compare the
above observations with the continuum model predictions, it
is noted that α is determined by the total rate of dissipation
associated with the droplet motion. From the magnitude of α
and its dependence on the droplet size, it can be concluded
that the total dissipation is dominated by the viscous flow
in the wedge around the contact line for small droplets
simulated in the present work. Finally, we have measured
the effect of the liquid–vapor coexistence temperature Tcx.
It is found that the mobility Vmig/1T increases with
increasing Tcx. This is attributed to the dependence of the
characteristic ‘size’ of the thermal singularity ξ on Tcx based
on a semi-quantitative analysis of the evaporation kinetics
at the liquid–vapor interface. In summary, the molecular
dynamics simulations presented here have provided a series
of numerical experiments to semi-quantitatively confirm the
physical mechanism proposed in our previous work based
on continuum modeling and simulations [22]: the droplet
motion in one-component fluids on substrates with thermal
gradients is driven by the asymmetry in the thermal singularity
occurring at the contact line.
We conclude by making three remarks.
(i) Limited by our computational capacity, the systems
simulated in the present study are very small. As a result,
the total dissipation is dominated by the viscous flow in the
wedge around the contact line. It can be expected that, for
systems that are sufficiently large, the viscous dissipation
due to the liquid flow far away from the contact line may
become dominant. In this case, if the flow is assumed to be of
Poiseuille-type, then the dimensionless coefficient α becomes
of order of Hx/Hz (see equation (11)). This will lead to a
size effect on the droplet motion that is qualitatively different
from what is presented in this work. MD simulations at larger
length scales are needed for further investigation of the size
effect on droplet mobility.
(ii) We have only considered the droplet motion with
the liquid–vapor coexistence temperature Tcx restricted in
a small range (from 0.82Tc to 0.73Tc). The corresponding
liquid-to-vapor density ratio ranges between 11 and 37 [37]
and the characteristic ‘size’ of the thermal singularity ξ
estimated from equation (20) is of the order of magnitude
of 10σ . In this case, we have concluded that the thermal
singularity at the contact line is strong and the droplet
motion is driven by the asymmetry in the thermal singularity.
However, for lower Tcx (e.g., 0.6Tc), the liquid-to-vapor
density ratio can be as large as 100 and ξ becomes of
the order of magnitude of 100σ . Given such a large ξ , it
is then expected that the thermal singularity becomes quite
weak and consequently the liquid–vapor interface is no longer
isothermal (at the coexistence temperature Tcx) but exhibits
a variation that follows the substrate temperate variation.
A gradient of the interfacial tension is then developed
at the liquid–vapor interface, and the thermal Marangoni
effect would arise and drive the droplet motion towards the
cold region [2–5, 10]. MD simulations at lower coexistence
temperatures are needed to investigate the droplet motion in
this new regime.
(iii) A closely related phenomenon is thermophoresis in
which particle motion is induced by thermal gradients [55].
Particle thermophoresis occurs if the temperature varies along
the particle surface and induces a tangential force df on the
area element dS [56, 57]. The surrounding fluid is subject
to the stress −df/dS, corresponding to the gradient of the
surface energy γ at the phase boundary: −df/dS = ∇τγ =
γT∇τT where ∇τ is the gradient tangent to the surface
and γT = dγ /dT [56]. Comparing this general picture for
particle thermophoresis with the phenomenon and mechanism
discussed in the present work, we see a clear distinction.
The motion of a liquid droplet here is not induced by the
force acting on the droplet surface. Rather, it is initiated
at the three-phase contact line where the contact angle
is temperature-dependent due to a localized liquid–vapor
transition.
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